Gamma-aminobutyric acid (GABA)-ergic interneurons are important for concerted interactions between inhibitory and excitatory circuits and are a critical substrate for synchronous neural activity in the brain ([@R103]; [@R32]; [@R13]). N-methyl-D-aspartic acid receptors (NMDARs), on the other hand, play an essential role in shaping the integrative properties and spike timing in interneurons ([@R51]; [@R62]). In the past decade, both NMDARs and inhibitory neurons in the prefrontal cortex (PFC) have become increasingly important in the study of schizophrenia ([@R67]; [@R45]; [@R46]; [@R10]; [@R53]). The long-standing dopamine hypothesis has been challenged by a hypofunction hypothesis of both NMDARs and inhibition ([@R73]; [@R66]; [@R15]; [@R57]). NMDAR antagonists, such as phencyclidine, MK-801, and ketamine, can produce a range of symptoms remarkably similar to those found in patients with schizophrenia ([@R40]; [@R47]; [@R50]). These compounds can also cause selective damage to a subpopulation of interneurons in the PFC in animal models of schizophrenia ([@R42]; [@R81]; [@R6]; [@R31]). Based on these observations, a potential NMDAR hypofunction mechanism has been suggested to contribute to the pathogenesis of schizophrenia ([@R73]; [@R70]). A key point of this hypothesis is that NMDAR antagonism may result in NMDAR hypofunction in selected GABAergic interneurons, which in turn leads to disinhibition of glutamatergic excitation.

This hypothesis is intriguing, but direct evidence of how NMDAR antagonists selectively act on specific populations of PFC interneurons remains unclear. In fact, little is known regarding the properties of NMDARs in cortical interneurons ([@R11]). Some evidence suggests that NMDAR-mediated excitatory responses exist in cortical interneurons, but these findings are controversial. For instance, Thomson reported the existence of NMDARs in both pyramidal neurons and interneurons in rat neocortex ([@R92]), whereas other studies have suggested that interneurons lack NMDAR-mediated responses ([@R58]; [@R1]; [@R28]). Kinney et al. recently demonstrated rich NR2A subunits in cultured PV-ir interneurons ([@R42]). However, it is not clear whether NMDAR subunits in the prefrontal interneurons in adult animals are analogous to those expressed in cultured cells. Furthermore, no information is available regarding the receptor subtypes expressed by functionally distinct populations of interneurons in the neocortex. Because both interneurons ([@R26]; [@R94]) and NMDARs ([@R48]; [@R59]) undergo dramatic changes during cortical development and most psychiatric disorders progress during peri-adolescent period ([@R88]; [@R55]), it is therefore imperative to study systematically the development of NMDARs on diverse functionally identified interneurons in the PFC.

Materials and Methods {#S1}
=====================

Brain Slice Preparation and Physiological Recording {#S2}
---------------------------------------------------

The animals were cared for under NIH animal use guidelines, and the experimental protocol was approved by the Institutional Animal Care and Use Committee at Drexel University College of Medicine. Rats were divided into three age groups: juvenile (p15--28), adolescent (p31--49), and adult (p88--108), based on the criteria described previously ([@R88]; [@R94]). The animals were deeply anesthetized with Euthasol (0.2 ml/kg, *i.p.*), rapidly perfused with ice-cold Ringer solution, and decapitated with a guillotine. The brains were quickly removed and placed in ice-cold (\< 4°C) sucrose solution containing (mM) KCl 2.5, NaH~2~PO~4~ 1.25, NaHCO~3~ 26, CaCl~2~ 0.5, MgSO~4~ 7.0, sucrose 213, and aerated with 95% O~2~ and 5% CO~2~. A block of neocortex containing medial PFC (PrL, Paxinos and Watson, The Rat Brain in Stereotaxic Coordinates. 2005) was trimmed and glued onto the stage of Vibratome (Vibratome Co., St. Louis, MO). Horizontal brain slices at thickness of 300 µm were incubated in oxygenated Ringer's solution at 35°C for 1 h. Ringer's solution contains the following ingredients (in mM): NaCl 128, KCl 2.5, NaH~2~PO~4~ 1.25, CaCl~2~ 2, MgSO~4~ 1, NaHCO~3~ 26, and dextrose 10, pH 7.4. The slices were kept at room temperature and then transferred to a submerged chamber for recording ([@R24]; [@R23]; [@R25]; [@R22]). Whole-cell patch clamp recordings were conducted in the PFC slices through an upright microscope (Olympus BX61, Olympus Optics, Japan) equipped with a digital video camera system. The recordings were conducted at \~ 36°C. Resistance of the recording pipette (1.2 mm borosilicate glass) was 9--12 MΩ. Tips of the recording pipettes were first filled with K^+^-gluconate based intracellular solution and then back-filled with Cs^+^-containing solution. The K^+^-gluconate solution contains (in mM) K^+^-gluconate 120, KCl 6, ATP-Mg 4, Na~2~GTP 0.3, EGTA 0.1, Hepes 10, and 0.3% biocytin, pH 7.3, 310 mOsm; whereas the Cs^+^-solution contains (in mM) Cs-gluconate 120, lidocaine 5 (QX-314), CsCl~2~ 6, ATP-Mg 1, Na~2~GTP 0.2, Hepes 10, and 0.3% biocytin at pH 7.3 (adjusted with CsOH). With this strategy, we were able to record the action potentials immediately after Giga-seal formation. The relative locations of all recorded cells in individual brain slices were documented for further morphological identification after immunostaining (see next section). This step is important for neuronal classification of the tested interneurons. The excitatory synaptic responses of these cells were evoked by stimulating layer 2/3 with a bipolar electrode placed \~ 200--500 µm away (single pulse, 0.1 ms, 40--400 µA, 0.1 Hz) in the presence of GABA~A~ antagonist picrotoxin (50 µM, Sigma-Aldrich, St. Louis, MO). Alpha-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR)-mediated currents were recorded at −70 mV, whereas NMDAR-mediated currents were recorded at + 60 mV under conditions of bath-applied both picrotoxin and AMPAR antagonist CNQX (20 µM, Sigma-Aldrich, St. Louis, MO). NMDAR currents were confirmed by bath application of the NMDAR antagonist D-(−)-2-amino-5-phosphonopentanoic acid (D-AP5, 50 µM). The stimulus intensity applied to individual neurons was adjusted to produce an AMPA receptor-mediated current at about 50--100 pA at −70 mV. The electric signals were amplified and filtered at 2 kHz in voltage clamp mode with MultiClamp 700B (Molecular Devices, Union City, CA). The data were acquired at sampling intervals of 20--50 µs through a DigiData 1322A (data acquisition system) and pCLAMP 9.2 software (Molecular Devices, Union City, CA). Access resistances were continuously monitored with an injection of −100 pA current for 100 ms during recording. Only cells exhibiting a stable membrane potential without injection of holding current were used for analysis.

Histological and Morphological Analyses {#S3}
---------------------------------------

All slices with recorded neurons were preserved for biocytin immunostaining as previously reported ([@R25]; [@R22]). Slices were fixed in 4% paraformaldehyde until immunocytochemical processing occurred. The slices were placed in 3% H~2~O~2~ for 30 minutes to block the endogenous horseradish peroxidase. After thorough rinsing, ABC (Vector Laboratories, CA, US) reactions were conducted overnight, followed by the Ni-3,3-diaminobenzidine reaction. The slices were directly mounted from 0.2 mM phosphate buffer (pH 7.4) and covered with water-soluble mounting media. All labeled neurons were photographed and matched with their firing patterns.

Data Analysis {#S4}
-------------

All recorded neurons were initially identified as interneurons by their morphological characteristics, such as small and round, oval, or spindle-like cell bodies and multipolar or bipolar dendrites, under the videomicroscope with infrared-differential interference contrast optics. Identities of the recorded neurons were further confirmed by several criteria, including biocytin-labeled morphologies, firing patterns, amplitudes of fast afterhyperpolarization (fAHP), half-width of action potentials, and spontaneous postsynaptic potentials (see [Fig. 1](#F1){ref-type="fig"}). With these criteria, the interneurons recorded were easily distinguished from pyramidal neurons, which usually occupy larger pyramidal soma and pia-oriented apical dendrites. The membrane time constants were analyzed by fitting the membrane voltage transient induced by a 0.1 nA negative current pulse of 150 ms duration ([Fig. 1B, E, and H](#F1){ref-type="fig"}). The stimulation intensities were estimated from the artificial stimulus traces prior to the onset of the excitatory postsynaptic currents (EPSCs).

The EPSC amplitudes were measured by averaging 30 traces from the onset to the peak of EPSC with Clampfit 9.2 software (Molecular Devices, Union City, CA). Only the neurons that produced stable EPSC for 5 minutes without rundown were used for further analysis of drug and stimulus effects. The decay time course, measured from 63% of the repolarization curve of a unitary EPSC, was fitted with a single exponential using standard exponential formula in Clampfit 9.2. The integrated EPSC area (charge transfer) of NMDAR- and AMPAR-mediated currents were measured with pClamp 9.2 and expressed in picocoulomb (pC) units. The contribution of the NMDAR subunit NR2B to overall NMDAR-mediated current was calculated from control measurements and with the application of ifenprodil, *i.e.*, (control trace − ifenprodil trace)/control \* 100. All data were presented as group measures with mean ± standard error (SE) along with Student's t-test or ANOVA to examine statistical significance.

Results {#S5}
=======

Identifications of recorded interneurons in the mPFC {#S6}
----------------------------------------------------

The cortical GABAergic system comprises many different subclasses of interneurons, each having a unique phenotype defined by its morphological characteristics and electrophysiological properties ([@R41]; [@R19]; [@R63]). Using the criteria described in Methods, we were able to unambiguously classify most (122 out of 145) of the recorded interneurons into three categories: fast-spiking (FS), regular spiking (RS), and low-threshold spiking (LTS) ([@R41]; [@R106]; [@R27]). The remaining 23 neurons excluded from the dataset were either the ones not belong to the 3 aforementioned subtypes or the ones with difficulty to be classified because of the confounding effect of Cs+. These include 1 late spiking cell, 6 burst spike cells, 8 irregular spiking cells, and 8 cells with difficulty for classification. Most (109/122) of the 122 interneurons were recorded from layers 2 to 5 of the medial PFC, while 13 interneurons (1 FS, 7 RS, and 5 LTS) were from layer 1.

As shown in [Figure 1](#F1){ref-type="fig"}, FS interneurons were easily distinguished from RS and LTS interneurons because injection of depolarizing current pulse evoked a train of high frequency and nonadaptive spikes. The FS interneurons exhibited action potentials with short duration (half-width \~0.71 ± 0.12 ms) and large fAHPs (17.9 ± 0.87 mV; [Fig. 1B](#F1){ref-type="fig"}). FS cells also exhibited characteristic spontaneous postsynaptic potentials (sPSP) with high frequency and large amplitude. In contrast, both RS and LTS cells exhibited profound adapting firing with significantly wider action potentials (half-width 1.44 ± 0.06 ms for RS and 1.78 ± 0.10 ms for LTS cells; P \< 0.001 for either RS or LTS vs. FS cells, and P \> 0.05 for RS vs. LTS cells). These two types of cells also had significantly smaller fAHP (11.2 ± 0.62 mV for RS and 11.4 ± 0.70 mV for LTS, P \< 0.001 compared with FS cells in all age groups). In addition, the FS interneurons had a significantly smaller input resistance relative to the other two cell types (input resistance = 190.7 ± 10.37 MΩ for FS, 246.1 ± 15.70 MΩ for RS, and 247.2 ± 11.90 MΩ for LTS cells, P \< 0.001 for both RS and LTS compared with FS but without significant difference between RS and LTS cells, P \> 0.05, [Fig. 1](#F1){ref-type="fig"}). Interestingly, the input resistances of FS cells significantly increased by 16% in adolescence (P \<0.05), but decreased to juvenile level in adults (P \> 0.05). The differences between RS and LTS interneurons were also substantial. LTS cells exhibited a clear short burst of 2 to 3 spikes (inter-spike interval = 8.82 ± 0.32 ms) or a low-threshold spike elicited from a hyperpolarized potential ([@R41]; [@R106]; [@R27]). We noted that the spike half-widths observed in the three cell types were broader than those described in previous reports ([@R41]; [@R27]; [@R63]). The broadened spikes were likely derived from Cs^+^ included in the recording pipette, although the pipette tips were filled with K^+^ solution. These alterations, however, would not affect our conclusion because the spike widths observed in RS and LTS were still significantly shorter than those in pyramidal neurons recorded under same conditions (2.62 ± 0.30 ms, n = 26, P \< 0.05). Nevertheless, the spike amplitude of these interneurons and the resting membrane potentials were similar, without significant difference among the three cell types ([Fig. 1](#F1){ref-type="fig"}, [Table 1](#T1){ref-type="table"}).

NMDARs in FS cells gradually lost during cortical development and majority of the FS cells exhibiting no NMDAR-mediated currents in adult rat PFC {#S7}
-------------------------------------------------------------------------------------------------------------------------------------------------

Although numerous studies have reported a developmental change in NMDARs from different cortical regions, most of the studies have focused on NMDAR functions in pyramidal cells ([@R68]; [@R48]; [@R59]). Little is known regarding the NMDARs in cortical interneurons ([@R11]). To record the AMPA and NMDA currents, we applied whole-cell patch clamp to individual interneurons. The AMPAR-mediated EPSCs were recorded at −70 mV with extracellular stimulation applied in layer 2/3 in the presence of picrotoxin (50 µM), whereas the NMDAR-mediated EPSCs were documented at + 60 mV by blocking both AMPA (CNQX, 20 µM) and GABA~A~ channels. Interestingly, we found that both AMPAR- and NMDAR-mediated EPSCs in the FS interneurons exhibited distinct properties and dramatic changes during prefrontal cortical development, particularly in adolescents. About one-fourth (3/11, 27.3%) of the FS interneurons in juveniles exhibited no NMDAR-mediated current, although the AMPAR-mediated currents were prominent ([Fig. 2](#F2){ref-type="fig"}). The number of FS cells without NMDAR-mediated currents gradually increased during the cortical development. It reached 57.1% in adolescents and 73.9% in adults. [Figure 2](#F2){ref-type="fig"} shows the two types of FS cells: FS interneurons with and without NMDAR-mediated currents. It is clear that the number of FS cells without NMDAR-mediated currents increased significantly in the adult animals with only about 26.1% of the FS cells recorded exhibiting NMDA current (6/23, 26.1%, P \<0.01). On the other hand, despite the difference in NMDAR-mediated currents, many other properties such as resting membrane potential, input resistance, AP half-width, membrane time constant, AMPAR-mediated EPSC rise time and decay were generally similar between the FS cells with and without NMDA-EPSCs ([Table 1](#T1){ref-type="table"}). We found only one exception: the FS interneurons without NMDA showed significantly smaller fAHP (−17.9 ± 0.87 mV in FS cells with NMDA current vs. −13.1 ± 0.75 mV in FS cells without NMDA current, P \< 0.01\`). Moreover, the AMPAR-EPSC decay was also slower in the FS cells with NMDA current (4.67 ± 0.50 ms) compared with the FS neurons without NMDA current (3.64 ± 0.19 ms, P \< 0.05) during the adolescent period. The overall decays averaged from all age groups were not statistically different though (4.45 ± 0.33 ms in FS cells with NMDA current vs. 3.98 ± 0.49 in FS cells without NMDA current, p = 0.351). Likewise, the FS interneurons with and without NMDA current in adolescents had higher input resistances compared with those FS interneurons in juvenile and adult animals, but there was no difference between the two groups (207.4 ± 24.95 in FS cells with NMDA current vs. 211.9 ± 19.28 in FS cells without NMDA current, P = 0.807). These data are consistent with numerous previous studies conducted in different brain regions with either electron microscope ([@R71]) or physiological recordings ([@R84]; [@R74]; [@R69]; [@R62]). These data indicated that although the membrane time constants were different in individual cell types, the NMDA current changes in the FS cells are not attributable to the passive membrane properties because the changes of membrane time constants appeared to be age-independent in the FS cells with NMDA currents (see [Table 1](#T1){ref-type="table"}).

Cell-type specific changes of AMPARs and NMDARs during cortical development {#S8}
---------------------------------------------------------------------------

Compared with the dramatic change of NMDA receptors in FS cells, glutamatergic receptors on the RS and LTS cells were relatively stable from juvenile to adult. As shown in [Figure 3](#F3){ref-type="fig"}, AMPA-EPSCs in FS neurons had significantly faster rise-time (20--80%) compared with those in RS and LTS cells (0.62 ± 0.06 ms in FS vs. 1.28 ± 0.06 in RS cells and 1.40 ± 0.05 in LTS cells; P \< 0.001), consistent with previous studies ([@R37]; [@R44]; [@R2]; [@R109]). The rise-time in FS cells is age-dependent with adult animals exhibiting an even faster rise-time (R^2^= 0.415; P \< 0.005). In contrast, the RS and LTS cells did not show significant changes among the three age groups (R^2^ = 0.061 for RS and R^2^ = 0.0004 for LTS cells; P \> 0.05 for both). The adult LTS cells seemed to be an exception though, with a significantly faster rise-time in adults compared to juveniles (1.51 ± 0.07 in juvenile vs. 1.21 ± 0.13 in adult rats, P = 0.04). In addition, AMPAR-EPSC in FS cells also exhibited significantly faster time constant decay, with an overall average of 4.45 ± 0.33 ms (P \> 0.05 among groups), compared with 7.88 ± 0.39 ms in RS and 8.00 ± 0.49 ms in LTS cells (P \< 0.0001 for FS vs. RS and LTS). It should be noted, however, that although these currents are dominated by AMPARs at − 70 mV, they likely contain a component mediated by NMDARs that were not blocked in these recordings. Indeed, in experiments in which the NMDAR antagonist AP5 was applied to the bath solution, the "pure" AMPAR-mediated currents recorded at − 70 mV showed a significantly shorter time constant decay of 2--4 ms, consistent with the findings from previous studies ([@R37]; [@R86]).

NMDAR-EPSCs in FS cells also showed a significantly shorter rise-time than those in RS and LTS cells, with an average of 2.39 ± 0.13 ms in FS, 3.07 ± 0.13 ms in RS, and 3.27 ± 0.12 ms in LTS cells (P \< 0.001 for both; see [Fig. 4](#F4){ref-type="fig"}). Unlike the AMPAR-EPSCs, the rise-time of NMDAR-EPSC in FS cells were age-independent, without clear changes during cortical development (R^2^ = 0.053; P \> 0.05 among age groups). Nevertheless, the NMDA currents exhibited different time constant decays among the three cell types. In the juvenile animals (p15--28), the decay times in FS and RS cells were similar but significantly faster than those in LTS cells (see [Table 1](#T1){ref-type="table"} for detail). The decay times of NMDA current in FS cells were age-dependent, decreased dramatically to 21.6 ± 3.05 ms in adults from 39.8 ± 3.05 ms in juveniles (R^2^ of 0.256, P \< 0.01). In contrast, there were almost no changes in RS, and a slight, but not significant, decrease in LTS cells (P \> 0.05). Overall, the NMDA-EPSC in FS interneurons exhibited significantly faster decay times than those in RS and LTS cells; whereas the NMDA currents in LTS cells exhibited the slowest rate of decay (31.5 ± 3.20 ms in FS vs. 44.3 ± 2.10 ms in RS and 59.5 ± 3.42 ms in LTS cells, P \< 0.001 in FS vs. RS and FS vs. LTS cells, P \< 0.01 between RS and LTS cells). The changes of NMDAR-EPSC decays in the RS and LTS cells did not conform to the patterns reported previously in hippocampal neurons ([@R43]; [@R39]), visual cortical neurons ([@R79]), or superior collicular neurons ([@R36]). It was, however, similar to the PFC layer 5 pyramidal neurons ([@R99]) in that we did not find a maturational shortening in this property.

Because the NMDA/AMPA peak current ratio is probably a determinant of synaptic plasticity ([@R83]; [@R102]), we further compared the developmental changes of this ratio in the PFC interneurons. The NMDA/AMPA ratios in the three subtypes of interneurons recorded in all cortical layers were listed in [Table 2](#T2){ref-type="table"}. In contrast to the EPSC recorded in pyramidal neurons ([@R82]), the developmental changes of NMDA/AMPA ratios in most of the interneurons appeared to be laminar-independent, with the exception of LTS cells, in which neurons in layer 2/3 exhibited significantly higher NMDA/AMPA ratio than those in layer 1 (P \< 0.05). Generally, FS interneurons showed the lowest and LTS cells the highest NMDA/AMPA ratio. They were, however, not significantly different due to the large variability among the different age groups and cell types (P = 0.631 between FS and RS cells, P = 0.211 between FS and LTS cells, and P = 0.172 between RS and LTS cells, [Fig. 5](#F5){ref-type="fig"}). Nevertheless, it is interesting to note that the peak current ratio in FS neurons significantly decreased during the adolescent period from 0.90 ± 0.19 in juveniles to 0.33 ± 0.12 in adolescents (P \< 0.05), and then increased to 0.77 ± 0.20 in adults. The dramatic change in the NMDA/AMPA ratio in FS interneurons is probably attributable to the significantly increase of AMPA currents in adolescents (P \< 0.001), because NMDA currents appeared to be stable during development (P \> 0.05; [Fig. 5](#F5){ref-type="fig"} and [Table 1](#T1){ref-type="table"}). In contrast, the NMDA/AMPA ratios in both RS and LTS interneurons were relatively unchanged during the period of prefrontal development, without significant difference (P \> 0.05).

FS cells with NMDA currents exhibited distinct response to ifenprodil {#S9}
---------------------------------------------------------------------

Because NMDAR subunits are developmentally regulated ([@R68]; [@R85]; [@R59]), we tested the subunit ratio of NMDARs by applying selective NR2B antagonist ifenprodil (3 µM, bath) to perfusion media in prefrontal cortical preparations. Ifenprodil was previously reported to preferentially inhibit NR1/NR2B channels with 400-fold higher affinity (IC50 =0.34 µM) than NR1/NR2A channels (IC50=146 µM) ([@R105]; [@R93]). Our recent study also found that this chemical was able to block a large portion of NMDA currents in recurrent excitatory circuitry of prefrontal neurons in adult rats ([@R99]). We found that the amplitude of the synaptically evoked NMDAR-EPSCs in juvenile FS cells (p15--28) were significantly reduced by almost 70 % but the changes were dramatically and significantly decreased to about 40% in adolescences and about 30% in adults (P \< 0.05, [Fig 6](#F6){ref-type="fig"}), suggesting a dramatic change of NMDAR subunits in FS cells in juveniles. In contrast, the NMDAR-EPSC amplitude changes in response to ifenprodil were relatively small (\~50%) and stable in both RS and LTS cells, with only a slight change from juvenile to adult cells (P \> 0.05, [Fig. 6A and B](#F6){ref-type="fig"}). To examine the effects of ifenprodil in NMDAR-EPSCs further, we have measured the time constant decays of the NMDAR-EPSCs before and after the ifenprodil application. As shown in [Fig. 6C](#F6){ref-type="fig"}, we found that the NMDAR-EPSC decay was significantly decreased in juvenile FS cells only (P \< 0.01), consistent with the significant effect in EPSC amplitude in the same age group ([Fig. 6B](#F6){ref-type="fig"}). Arguably, although ifenprodil was effective in reducing the EPSC amplitudes and shortening the EPSC decays in most of the interneurons tested, the differences in EPSC decays were not significant among the different age groups with the exception of juvenile FS cells. Similarly, in the monkey PFC layer 2/3 pyramidal neurons, Gonzalez-Burgos et al also reported that ifenprodil significantly decrease the NMDAR-EPSC amplitude (30--50 %) but had minimal effect in the EPSC decay (6--30 %) ([@R30]). These data indicate that FS cells in the rat PFC may experience a developmental process of NMDAR subunit change different from other two cell types during the transition period from juvenile to adolescence.

Discussion {#S10}
==========

To our knowledge, this study is the first systematic examination of NMDAR development in the cortical interneurons. We found that most interneurons in the PFC express both NMDARs and AMPARs, with only one-fourth of the FS cells expressing no synaptic NMDARs in juveniles. This conclusion is consistent with numerous previous studies that reported a limited role of NMDAR-mediated response in interneurons ([@R84]; [@R58]; [@R92]; [@R72]; [@R80]) and dominant Ca^2+^--permeable AMPARs in cortical FS interneurons ([@R28]; [@R98]). It is even more interesting that FS interneurons undergo remarkable changes during cortical development, particularly in adolescents, with \~ 74% of the FS cells exhibiting no synaptic NMDAR-mediated currents in adult rat PFC. Even within the FS cells with NMDARs, the NMDA/AMPA ratio was dramatically decreased in adolescents but returned to juvenile level in adults. In contrast, the expression of both AMPARs and NMDARs in the RS and LTS interneurons was relatively stable without appreciable changes during cortical development. This large variability of NMDA receptors in different subtypes of PFC interneurons is consistent with the findings from previous studies conducted in the neocortex ([@R28]) and hippocampus ([@R84]; [@R51]; [@R62]; [@R72]). McBain and Dingledine proposed that certain interneurons in the hippocampus might use calcium-permeable AMPARs to compensate for the apparent lack of synaptic NMDARs ([@R64]). Our finding that some FS interneurons have no NMDARs is in line with this proposition. Indeed, hippocampal interneurons expressing calcium-permeable (or GluR2-lacking) AMPARs exhibited NMDAR-independent long-term depression ([@R49]); whereas in interneurons expressing calcium-impermeable (or GluR2-containing) AMPARs, the induction of long-term depression was NMDAR-dependent ([@R51], [@R52]; [@R60]). Whether this principle can be applied to the FS interneurons with and without NMDARs in the PFC remains to be explored. It is possible that FS interneurons expressing NMDARs exhibit more NR2B subunits in juveniles ([@R76]) but an abrupt subunit switch occurs during prefrontal cortical development, leading to more NR2A subunits by the time adolescence and adulthood are reached. In contrast, FS interneurons expressing no NMDARs may be gradually replaced with calcium--permeable AMPARs during development ([@R98]).

Previous studies indicated that NR2B expression is highest at birth, whereas NR2A is not expressed until around P7 ([@R68]). NMDARs at early stage of the development in the forebrain are therefore mainly composed of NR1/NR2B. As NR2A levels increase during neuronal maturation, synaptic NR1/NR2B receptors are gradually replaced by NR2A-containing NMDARs ([@R93]; [@R75]; [@R4]), which may be pure NR1/NR2A or the triheteromer NR1/NR2A/NR2B ([@R85]; [@R61]; [@R56]). In the present study, we found that ifenprodil, a high affinity selective inhibitor of NR1/NR2B diheteromeric NMDA receptors, blocked the NMDAR-EPSC amplitudes by 30--50% in most of the interneurons examined except for the juvenile FS cells (\~70%). This was considerably less than the \~80% blockade found in cells that express only recombinant NR1/NR2B receptors ([@R93]). Furthermore, we found that ifenprodil did not significantly alter the decay of the synaptically evoked NMDAR-EPSCs in most of interneurons tested with the exception of FS cells in juveniles. This was similar to the numerous previous findings reported in monkey layer 3 pyramidal neurons ([@R30]), rat visual cortical neurons ([@R108]), mice CA1 pyramidal cells ([@R43]), rat dentate gyrus granule cells ([@R107]), and neocortical pyramidal cells ([@R48]). That is, a significant decrease of NMDAR-EPSC amplitude occurs, but with minimal effect on the decay in response to ifenprodil. It is, however, apparently at odds with our recent report in recurrent connections between layer 5 pyramidal neurons, in which both NMDAR-EPSC amplitude and time constant decay were significantly decreased by ifenprodil ([@R99]). It also differed from observations obtained from cultured dissociated cells derived from young CA1 as well as recombinant NR1/NR2B receptors in which ifenprodil markedly shortened decay times of NMDA currents ([@R93]) and many other studies ([@R14]; [@R51]). The reason for these differences remains unknown but an afferent-specific difference of NMDA response to ifenprodil was reported ([@R48]; [@R91]). It is also possible that the composition of NMDAR subunits distributed in the layer 5 pyramidal neurons differs from the layer 2/3 pyramidal neurons ([@R30]; [@R99]) and pyramidal neurons in other cortical regions ([@R43]; [@R48]; [@R108]; [@R107]). Furthermore, since native NMDA receptors are typically diheteromers composed of NR1 and single NR2 isoforms ([@R3]), the relative ifenprodil insensitivity in our data suggests that triheteromeric receptors NR1/NR2A/NR2B or other subunit combinations (e.g., NR1/NR2A/NR2D) might shape the decay of NMDAR-EPSCs in most of the PFC interneurons except juvenile FS cells. Whether this is the case remains to be tested because the effect of ifenprodil on triheteromeric receptors is not clear ([@R12]; [@R96]; [@R56]; [@R7]). Hatton and Paoletti suggest that triheteromeric receptors have a high affinity for ifenprodil but are inhibited to only a small extent ([@R35]). Nevertheless, it would be interesting in the future to determine whether the triheteromeric NR1/NR2A/NR2B contributes to the synaptic currents in PFC interneurons ([@R17]; [@R56]).

Functional implications of synaptic NMDARs on PFC interneurons {#S11}
--------------------------------------------------------------

GABAergic interneurons are essential not only for normal synchronous activity ([@R87]; [@R65]; [@R13]) but also for dysynchronization of gamma band oscillations in schizophrenia ([@R104]; [@R89]; [@R90]; [@R16]; [@R95]). NMDARs, however, play an essential role in controlling the integrative properties of interneurons ([@R62]). Our findings indicate that FS interneurons, the most important inhibitory cells in the neocortex, undergo dramatic changes in glutamatergic receptors during the juvenile and adolescent period, with a sharp decrease in the NMDA/AMPA ratio and the gradual loss of NMDARs. Because FS interneurons exhibit powerful perisomatic inhibitory activity in pyramidal neurons ([@R21]; [@R77]; [@R25]; [@R33]), dramatic changes of NMDA and AMPA receptors in FS cells would have significant effect on neuronal synchronous activity ([@R16]). Disruption of NMDA receptors during the adolescent period would be crucial for onset of many psychiatric disorders, including schizophrenia ([@R54]). Indeed, previous studies indicate that certain markers such as parvalbumin for FS interneurons in the PFC exhibit striking changes during adolescence and that these neurons are markedly altered in the PFC of subjects with schizophrenia ([@R78]; [@R55]). This seems to fit well with the selective damage of a subpopulation of interneurons in the PFC in patients with schizophrenia ([@R9]; [@R5]; [@R97]; [@R8]; [@R34]; [@R54]). On the other hand, NMDAR-dependent integration of synaptic input in different interneurons could also be involved in several situations that require time-prolonged firing during asynchronous activity. For example, delayed-period activity, which is believed to be the neuronal correlate of working memory ([@R20]; [@R29]), is thought to depend crucially on synaptic kinetics of NMDA currents in prefrontal microcircuits ([@R100], [@R101]; [@R18]; [@R99]). Because only one-fourth of the FS cells in adults contain synaptic NMDARs, even a small change in NMDARs, such as NMDAR hypofunction occurring in schizophrenia, could have dramatic effect on prefrontal functions ([@R38]). In summary, the dramatic changes of NMDARs in FS interneurons in adolescence may make FS cells particularly sensitive and vulnerable to detrimental stimulations such as traumatic stress and drug addiction, thus contributing to the onset of many psychiatric disorders, including schizophrenia.
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AMPA

:   α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid

AMPAR

:   AMPA receptor

AP

:   action potentials

CNQX

:   6-Cyano-7-nitroquinoxaline-2,3-dione

D-AP5

:   D-(−)-2-amino-5-phosphonopentanoic acid
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:   excitatory postsynaptic current
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NMDA

:   *N*-methyl-D-aspartate

NMDAR

:   NMDA receptor

PFC

:   prefrontal cortex

RMP

:   resting membrane potential

RS

:   regular-spiking.

![Identification of prefrontal cortical interneurons. A--C, sample of FS interneuron. A, basket-like interneuron. Scale bar in A = 20 µm for A, D, and G. The FS cell was identified by its high-frequency firing of action potentials without adaptation, short half-width, rich spontaneous postsynaptic potentials, and large fAHP. D--F, sample of RS interneuron. Comparatively, RS neurons have adaptive firing, wider action potentials, relatively less spontaneous postsynaptic potentials, and smaller fAHP. G--I, sample of LTS interneuron. LTS neurons are characterized by a short-burst in the first 2 to 3 spikes, wider half-width and smaller fAHP of action potentials. J and K, summary graphs of fAHP and half-width of action potentials. FS cells exhibit significantly larger fAHP and shorter half-width than do RS and LTS neurons.](nihms91913f1){#F1}

![FS interneurons with and without NMDAR-mediated currents in the PFC. A and B, some FS interneurons express NMDA current at positive potentials + 60 mV (A), whereas others exhibit no NMDAR-mediated current although AMPA-mediated currents were prominent at both −70 mV and + 60 mV (B). C, raw data sample of a FS cell without NMDA and measurement of the peak amplitudes of the AMPAR-mediated currents, which were gradually blocked by bath-applied CNQX. D, summary graph showing the percentage of FS interneurons in three age groups (n = 48). In juveniles, about 72% of the FS cells contain NMDAR-mediated currents that gradually reduce to about 26% in adult. Overall, a majority (58.3%) of the FS interneurons tested do not have detectable NMDAR-mediated current. E, FS cells containing NMDARs exhibit significantly larger fAHP compared with those without NMDARs (P = 0.003).](nihms91913f2){#F2}

![Properties of AMPAR-mediated currents in PFC interneurons. A--C, samples of AMPAR- and NMDAR-mediated currents recorded at − 70 mV and + 60 mV, respectively, in the three cell types. D, FS neurons exhibited significantly faster (P \<0.05) and age-dependent decrease (P \<0.01 between p15--28 and p88--108) of rise time (20--80%). E, FS cells show significantly faster decay than do RS and LTS neurons (P \< 0.05). In contrast, changes in AMPAR-mediated current in RS and LTS cells are relatively small (P \> 0.05), with LTS cells exhibiting significant difference only between p15--28 and p88--108.](nihms91913f3){#F3}

![Properties of NMDAR-mediated currents in the PFC interneurons. A--C, samples of NMDAR-mediated currents in different cell types and age groups. D, the 20--80% rise time of NMDAR-mediated currents was faster in the FS cells containing NMDARs than those in RS and LTS cells, but significance was only observed in p15--28 rats (P \< 0.05). E, the time constant decays of FS cells were significantly (twofold) faster (P \< 0.003) than those of LTS cells but similar to those of RS cells in juvenile animals. The decays gradually decreased during cortical development and became significantly shorter (P = 0.0094) in adult animals, with an average decay time of \~ 20 ms. LTS cells showed similar decline of decays, with a significantly shorter time constant (P = 0.024) in adults than in juveniles. In contrast, the decays of RS cells were stable without significant change in all ages.](nihms91913f4){#F4}

![FS interneurons containing NMDARs exhibit distinct NMDAR/AMPAR-mediated current ratio and charge transfer in the adolescent period. A and B, the NMDA/AMPA ratio of peak amplitude and charge (integrated area). It is interesting that NMDA/AMPA ratios exhibit a very different trend among the three cell types. The FS cells undergo a dramatic reduction in the NMDA/AMPA ratio (\*\*, P \< 0.01), but this reduction is largely attributable to the high AMPAR-mediated current and a relatively small NMDA current. Compared with FS cells, RS and LTS cells show inverse trends in ratio changes, with gradual increase of ratio in RS but decrease in LTS, although not significant in both cell types.](nihms91913f5){#F5}

![FS cells with NMDARs exhibit dramatic decline in NR2B subunits during development. A, samples of ifenprodil effects in NMDAR-mediated currents in three cell types in different age groups. NMDA currents in all three types of interneurons exhibit less sensitivity to ifenprodil in the adult. B, summary graph showing NMDA current sensitivity (%) to ifenprodil. The sensitivity to ifenprodil gradually decreased during cortical development, with an average of \~ 40 % in adults, compared with 50--75 % in juveniles. Significant differences were observed among the three cell types (P \< 0.05). C, although ifenprodil was effective in shortening the EPSC decays in most of the interneurons tested, the differences in EPSC decays were not significant among the different age groups with the exception of juvenile (p15--28) FS cells.](nihms91913f6){#F6}

###### 

Membrane and EPSC properties of prefrontal interneurons

  Interneuron type              FS with NMDA current   FS without NMDA current                        RS                                           LTS                                                                                                                                                                                                                                                         
  ----------------------------- ---------------------- ---------------------------------------------- -------------------------------------------- -------------------------------------------- ----------------------------------------------------------------------------- -------------------------------------------- ---------------- --------------- ----------------- ---------------- --------------- -----------------
                                P15--28 (n=8)          P31--49 (n=6)                                  P88--108 (n=6)                               P15--28 (n=3)                                P31--49 (n=8)                                                                 P88--108 (n=17)                              P15--28 (n=11)   P31--49 (n=9)   P88--108 (n=18)   P15--28 (n=18)   P31--49 (n=5)   P88--108 (n=14)
  Animal age (days)             20.1±1.33              40.8±2.70                                      96.0±3.16                                    20.0±2.08                                    39.5±2.02                                                                     96.1±2.37                                    21.8±1.75        41.0±2.58       94.1±1.27         23.6±1.14        36.2±2.31       96.2±1.27
  RMP (mV)                      64.6±1.35              63.1±2.54                                      69.8±1.66                                    63.8±1.39                                    61.2±2.86                                                                     68.0±1.70                                    57.8±1.35        65.4±2.02       65.0±1.62         63.9±1.37        67.7±3.29       63.6±1.94
  IR (MΩ)                       179.1±16.76            207.4±24.95 [\*](#TFN1){ref-type="table-fn"}   189.9±14.8                                   181.7±24.76                                  211.9±19.28 [\*](#TFN1){ref-type="table-fn"}                                  178.9±13.12                                  257.3±28.9       225.0±12.8      250.3±20.2        263.4±13.3       240.9±35.8      216.5±26.4
  AHP (mV)                      16.9±0.81              18.31±2.84 [\*](#TFN1){ref-type="table-fn"}    15.7±0.48                                    14.2±1.04                                    12.8±1.07 [\*](#TFN1){ref-type="table-fn"} [\$](#TFN2){ref-type="table-fn"}   10.9±2.36                                    12.7±1.02        11.6±1.75       10.2±0.95         13.0±0.93        11.7±1.08       8.91±1.12
  AP ½ width (ms)               0.63±0.13              0.8±0.4                                        0.73±0.20                                    0.65±0.05                                    0.64±0.07                                                                     0.50±0.04                                    1.62±0.14        1.30±0.12       1.50±0.09         1.88±0.12        1.18±0.06       1.72±0.16
  Membrane time constant (ms)   8.62±1.65              8.25±1.11                                      6.60±0.81                                    6.50±0.86                                    7.44±0.80                                                                     6.22±0.31                                    18.89±2.34       9.07±0.80       10.88±1.30        18.40±1.19       9.32±1.07       14.65±1.1.38
  AMPA amplitude (pA)           59.8±11.1              99.7±14.9                                      66.9±11.4                                    74.7±10.1                                    59.5±14.0                                                                     98.2±14.6                                    46.7±8.70        52.3±3.92       51.4±5.76         51.8±4.63        72.2±1.70       40.1±4.50
  AMPA 63% decay (ms)           3.90±0.53              4.67±0.50 [\*](#TFN1){ref-type="table-fn"}     4.40±0.77                                    6.49±0.01 [\$](#TFN2){ref-type="table-fn"}   3.64±0.19 [\*](#TFN1){ref-type="table-fn"} [\$](#TFN2){ref-type="table-fn"}   3.77±0.58                                    8.61±0.34        7.86±0.71       7.66±0.31         6.90±0.84        7.53±0.69       9.50±0.84
  AMPA charge (pC)              0.75±0.14              1.29±0.12                                      0.53±0.13                                    1.08±0.01                                    0.53±0.09                                                                     0.70±0.09                                    1.07±0.15        0.66±0.19       0.88±0.14         1.17±0.10        1.21±0.13       1.21±0.18
  AMPA 20--80% rise time (ms)   0.80±0.05              0.53±0.22                                      0.52±0.06 [\#](#TFN3){ref-type="table-fn"}   1.03±0.01                                    0.78±0.10                                                                     0.83±0.08 [\#](#TFN3){ref-type="table-fn"}   1.35±0.15        1.41±0.10       1.35±0.07         1.51±0.07        1.39±0.07       1.21±0.13
  NMDA amplitude (pA)           48.8±8.71              37.9±6.17                                      33.6±1.56                                                                                                                                                                                                            47.2±10.6        51.4±16.4       50.9±7.03         42.5±4.97        51.9±8.21       48.1±7.02
  NMDA 63% decay (ms)           39.8±3.05              32.9±4.90                                      21.6±3.05                                                                                                                                                                                                            44.7±4.35        41.1±3.00       44.6±3.96         67.4±4.89        56.5±6.77       48.9±5.29
  NMDA charge (pC)              2.44±0.45              1.82±037                                       1.30±0.22                                                                                                                                                                                                            2.79±0.27        2.25±0.17       2.41±0.23         3.34±0.54        3.61±0.75       3.42±0.50
  NMDA 20--80 rise time(ms)     2.44±0.14              2.73±0.07                                      2.49±0.38                                                                                                                                                                                                            3.19±0.25        2.93±0.25       3.07±0.19         3.54±0.13        3.22±0.39       3.14±0.14
  NMDA/AMPA peak ratio          0.90±0.19              0.33±0.12                                      0.77±0.2                                                                                                                                                                                                             0.74±0.05        0.83±0.22       0.97±0.12         1.33±0.23        1.17±0.47       1.03±0.14
  NMDA/AMPA area ratio          2.71±0.98              1.30±0.20                                      2.45±1.31                                                                                                                                                                                                            1.64±0.38        1.86±0.43       2.13±0.28         2.59±0.27        2.38±0.47       2.40±0.36

p\<0.05 between adolescents (P31--49) and juveniles (P15--28) as well as between adolescents (P31--49) and adults (P88--108) in both FS cells with and without NMDA current

p\<0.05 between FS with and without NMDA current in adolescents (P31--49)

p\<0.05 between FS cells with and without NMDA current in adults (P88--108)

p\<0.05 between P15--28 and P88--108 in FS cells with NMDA current

###### 

Laminar difference of NMDA/AMPA ratio in the three subtypes of interneurons

              FS with NMDA (n = 20)   RS (n = 37)          LTS (n = 37)
  ----------- ----------------------- -------------------- -----------------------------------------------------
  Layer 1     1.19 (n = 1)            0.86±0.24 (n = 7)    0.55± 0.13 (n = 5)
  Layer 2/3   0.55±0.09 (n = 13)      0.65±0.17 (n = 17)   1.14±0.14 (n = 24) [\*](#TFN5){ref-type="table-fn"}
  Layer 5     0.51±0.23 (n = 6)       0.48±0.18 (n = 13)   0.82±0.09 (n = 8)

p\<0.05 between layer 1 and layer 2/3 in LTS
